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Bacteroids of Rhizobium leguminosarum (strain PRE) isolated from pea root nodules (Pisum sativum) were separated by sucrose density gradient centrifugation, according to their stage of development from bacteria to mature bacteroids. The DNA content per cell, as measured by cytofluorometry, increased with development. Nitrogenase components in soluble bacteroid proteins were present in highest concentrations in mature bacteroids. The ratio of the amounts of Mo-Fe protein to Fe protein was not constant in different stages of development. Incorporation of 35S0,2-into soluble bacteroid proteins in the nodule was maximal in the youngest stages. In mature bacteroids nitrogenase was synthesized preferentially although less 35S0,2-was incorporated into total soluble protein. Nitrogenase activity, measured as ATP-and S20,2--dependent acetylene reduction by EDTA/toluene treated bacteroids, was high in mature bacteroids and low in the youngest stages.
I N T R O D U C T I O N
Studies on the structural organization of pea root nodules after infection with Rhizobium leguminosarum have shown that plant cells containing bacteroids of different ages coexist within a single nodule. Cells at the base of the nodule contain older and degenerating bacteroids, whereas in the apical region of the nodule, younger actively-dividing rhizobia are found, sometimes lacking the characteristic bacteroid appearance (Van Brussel, 1973 ; Kijne, 1975) . It is not known, however, in which stage of development the bacteroids are most active in synthesizing nitrogenase or when nitrogen fixation occurs. Recently, Sutton & Mahoney (1977) described the fractionation of bacteroids of R. Zupini of different sizes by sucrose gradient centrifugation. Since there is a direct correlation between the size and the age of bacteroids (Bisseling et a/., 1977; Van Brussel, 1973) , we have used this technique to separate bacteroids of different developmental stages. The DNA content, nitrogen-fixing activity and protein-synthesizing capacity of bacteroids banding in different regions of sucrose gradients were compared in an attempt to follow their development.
M E T H O D S
Culture and labelling conditions. Rhizobium leguminosururn (strain PRE) was cultured as described by Reijnders et al. (1975) and harvested at the end of the exponential growth phase. Pisurn sajivum (var. ' Rondo') was grown in gravel (sterilized by heating for 2 h at 120 "C) and inoculated with R. leguminosarurn (strain PRE) at time zero. The plants were grown in the medium described by Reijnders et al. (1975) . After 17 d the plants were transferred to plastic trays (30 x 15 cm, x 15 cm deep). The plants were supported by cotton wool plugs in holes (1 cm diam.) in the lid of the tray; 15 to 20 plants were kept in one tray and the level of the nutrient medium was kept below the nodules. Other growth conditions were as described by Bisseling ej al. (1978) . At day 18 the medium was replaced by a sulphur-deficient medium. Plants were labelled from IP: 54.70.40.11
On: Sat, 08 Dec 2018 06:22:12 132 R. C. VAN DEN BOS, T. BISSELING A N D A. VAN K A M M E N day 20 to day 21 (for 24 h) with 35S042-(carrier-free, The Radiochemical Centre, Amersham) using 150 pCi per plant. After labelling the roots were rinsed with distilled water to remove excess label and the nodules were picked immediately using forceps.
Isolation of bacteroids and gradient centrifugation. Nodules from 10 plants (about 0.5 g) were ground in a mortar with 2 ml 0.5 M-mannitOl, 50 mM-Tris/HCI buffer pH 7-4. The suspension was filtered through Miracloth (Calbiochem) and layered on a 25 ml linear sucrose gradient [I2 to 30% (w/v) sucrose in 50 m~-Tris/HCl buffer pH 7-41 contained in glass tubes (2 x 9 cm). The gradients were centrifuged for 15 rnin at 1500 g , and decelerated without braking. Using a peristaltic pump, the gradients were fractionated from the bottom through a glass capillary. Care was taken to place the capillary beside the pellet at the bottom of the tube. Fractions (0-85 or 1.70 ml) were centrifuged for 5 min at 12000 g and the pellets were washed in 1 ml niannitol/Tris buffer. Samples of each bacteroid fraction were smeared on microscope slides for determination of the DNA content per cell (Bisseling et al., 1977) .
Lysis of the cells. Bacteroids were lysed by resuspension of the pellet in 250 ~1 2 5 mM-Tris/HCl buffer pH 7.5, containing 1 % (v/v) Triton X-100 and 1 mM-dithioerythritol (Sigma), and incubation for 2 h at 4 "C.
For the preparation of samples for gel electrophoresis the buffer also contained 20 mM-Na,S,O, and all manipulations until the addition of sample buffer were done under a stream of argon. The supernatant obtained by centrifuging at 12000 g for 5 min was taken as the lysate. To a sample of the lysate, an equal volume of 10% (w/v) perchloric acid was added and, after centrifuging, the protein in the pellet was determined according to Lowry et al. (1951) , using bovine serum albumin as a standard. Measurement of radioactivity incorporated into proteins. Radioactive proteins were precipitated in the presence of 100 pg bovine serum albumin as carrier: 100 pl albumin (1 mg ml-l) was added to 0.05 to 0.1 ml lysate and proteins were precipitated by adding an equal volume of 10 % perchloric acid. The precipitated protein was collected on Whatman GF/C filters and washed with 5 % perchloric acid and then acetone. The filters were dried at 60 "C in scintillation vials. After incubation with 0.5 ml Soluene 350 (Packard, Zurich, Switzerland) at 40 "C overnight, 10 ml Instafluor (Packard) was added and 35S radioactivity was determined using a liquid scintillation spectrometer.
Sodium dodecyl sulphate gel electrophoresis.
Proteins were separated by electrophoresis in 1 1 % (w/v) polyacrylamide slab gels containing sodium dodecyl sulphate (SDS ; Serva Fine Biochemicals, Heidelberg, Germany) as described by Bisseling et al. (1978) ; 20 to 100 pl lysate was loaded in each sample well. The gels were stained with Coomassie Brilliant blue. To determine the amounts of 35S in various proteins, the bands were cut from the gel and incubated in 0.1 ml water plus 0.9 ml Soluene 350 for 16 h at 40 T. After adding 10 ml Instafluor, 35S radioactivity was measured in a liquid scintillation spectrometer.
Measurement of DNA contentper bacteroid cell. This was determined as described by Bisseling et al. (1977) . Nitrogenase activity of separated bacteroids. Nodules from 30 to 50 plants were disrupted anaerobically in 50 mM-Tris/HCI buffer pH 7.2, containing 20 mM-Na,S,O,, 2.5 mM-MgC1, and 4 % (w/v) polyvinylpyrrolidone, as described by Van Straten & Roelofsen (1976) . A 2 ml sample of the suspension was layered over a 12 to 30 sucrose gradient containing 20 mM-Na,S,O, and covered with a thin layer of paraffin oil to avoid contact with air. The gradient was centrifuged (15 min at 1500 g ) and fractionated into bottles (6 ml) filled with N, and capped with Suba-seals. To each fraction, an equal volume of 50 mM-Tris/HCl buffer pH 7.2, containing 2.5 mM-MgCI,, 20 mM-Na,S,O, and 1 mM-EDTA, and 3 drops of toluene were added. The mixture was shaken vigorously for 1 rnin in a rotary shaker and left to stand for 5 min. Samples (1 ml) were withdrawn with a syringe, taking care not to disturb the toluene layer on top of the mixture. Each sample was added to 1 ml 50 m~-Tris/HCl buffer pH 7-4, containing 18.4 mwcreatine phosphate, 26.2 mM-MgCI,, 5.6 mM-ATP and 20 mM-Na,S,O,, and 15 ,ug creatine kinase in a 6 ml bottle sealed with a Suba-seal. The gas phase contained 10 % (v/v) acetylene in nitrogen. After 20 rnin incubation in a shaking bath at 30 "C, a 100 ,ul gas sample was removed with a syringe and analysed in a gas chromatograph for the amount of ethylene formed to determine the acetylene reduction. Acetylene reduction activity is expressed in nmol ethylene produced in 20 min. Materials. All materials used were reagent grade.
R E S U L T S
Localization of diflerent types of bacteroih within the nodule Nodules from 21 d-old pea plants were cut parallel to the root into two parts of approximately equal size and the apical and basal parts were collected separately. To each of the cut nodule portions, approximately 20% (wfw) of intact 35S-labelled nodules of the same age was added, as an internal marker for the sedimentation rate. The nodules were ground in a mortar and bacteroids from the apical and basal parts were isolated and centrifuged on sucrose gradients (12 to 30o/b) in the same run. After centrifuging, a small white pellet (probably consisting of starch), which did not contain bacteria or bacteroids, was always visible in the tube. The bacteroids were present as a broad opalescent band in the middle of the gradient, and a reddish band of soluble plant proteins including leghaemoglobin was found at the top of the gradient. The gradients were fractionated and the absorbance (&0) and radioactivity of fractions were determined. The younger bacteroids from the apical part of the nodule sedimented slower than the older bacteroids found in the basal region (Fig. 1) .
Sucrose gradient Centrifugation of bacteroids and determination of DNA per cell
The D N A content of bacteroids increases with size (Bisseling et al., 1977) and, for R. Iupini bacteroids, those which sediment fastest in a sucrose gradient contain the most D N A (Sutton et al., 1978) . Rhizobium leguminosarum bacteroids have branched structures and are morphologically different from R. lupini bacteroids which are long rods. Therefore we repeated the fractionation of R. legtrv~inosarurn bacteroids on sucrose gradients and determined the DNA content per cell (Fig. 2a) . We used bacteroids from nodules of 10 pea plants 21 d after inoculation; such plants have well-developed nodules and show a high nitrogen-fixing activity . As with R. lupini, the largest bacteroids contained two to three times more DNA per cell than the rod-like structures. A separation of the different classes of bacteroids [rods (which includes cells of the same size as broth cultured free-living bacteria), ramified forms and extra-ramified forms] was evident (Fig. 2 h) . Short rods resembling broth-cultured bacteria were only seen in the slower sedimenting fractions of the bacteroid peak. Only fractions 13 to 15 contained material of plant origin, in accordance with the work of Sutton & Mahoney (1 977).
We conclude that gradient centrifugation separates bacteroids of R. leguminosarum of different developmental stages.
Protein synthesizing activity of difercnt bacteroid.forms
Whole plants were labelled for 24 h with carrier-free 35S0,2-(see Methods); during this time 80 to 950/, of the total radioactivity was taken up by the plants. When the isolated bacteroids were separated by sucrose gradient centrifugation, the fractions whose lysates contained the maximum amount of acid-precipitable radioactivity did not coincide with the maximum in A 6 6 0 measurements (Fig. 3) . The larger bacteroids had apparently incorporated less 35S into protein than had the smaller ones. By determining the protein concentration of each of the lysates and calculating the amount of acid-precipitable radioactivity per pg protein, we found that the amount of protein synthesized during the 24 h labelling period was greatest in the smallest bacteroids (Fig. 3) .
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Amounts of nitrogenase components synthesized in diflerent types of' bacteroids
To investigate which proteins are present in the different types of bacteroids and which proteins are being synthesized preferentially during the 24 h labelling period, bacteroid fractions from the gradient (Fig. 3) were lysed and the proteins were analysed by SDSpolyacrylamide gel electrophoresis according to Laemmli (1970) . Gradient separation and lysis of the bacteroids were done under anaerobic conditions to avoid loss of nitrogenase components as an insoluble form (T. Bisseling, unpublished) . Figure 4 shows typical gel patterns of the soluble proteins from a number of bacteroid fractions. Component I (MoFe protein) and component I1 (Fe protein) of nitrogenase were identified using purified nitrogenase components as markers (Bisseling et ai., 1978) . [We now routinely use Serva brand SDS which causes component 1 to be split into two bands (Kennedy et a/., 1976) .] The Analysis of bacteroids on sucrose gradients 135 resulting electrophoresis patterns (Fig. 4) show that the relative intensities of the two nitrogenase components are not constant over the different fractions. The larger bacteroids tend to contain slightly more component I1 relative to component I than do the smaller bacteroids. To see if these differences were reflected in the relative amounts of the two components synthesized during a 24 h labelling period with 35S042-, the bands obtained with labelled bacteroids were cut from the gel and the amount of radioactivity in each was measured . The rest of the gel was treated similarly so that the amount of 35S incorporated into the two components could be expressed as a percentage of the total 35S in proteins with molecular weights above 15000. The results are summarized in Table 1 . The relative amount of 35S incorporated into both nitrogenase components was highest in the faster sedimenting bacteroids. Towards the meniscus of the gradient the percentage of incorporation into both components decreased, but this was more marked for component 11 than for component 1. The relative incorporation of radioactivity into nitrogenase components paralleled the intensities of the stained bands in SDS gels (Fig. 4) . Obviously nitrogenase components are not synthesized in a constant ratio in the different stages of bacteroid development.
Acetylene reduction by bacteroids after gradient centrijiugation
To measure acetylene reduction by isolated rhizobium bacteroids using the method of Van Straten & Roelofsen (1976) , the cell wall is made permeable to ATP and S2042-by treatment with toluene. The rate of acetylene reduction by toluene/EDTA treated cells should therefore be proportional to the amount of nitrogenase in the cell. The maximum amount of nitrogenase so measured in fractions collected anaerobically from a sucrose gradient did not coincide with the maximum AGGO value (Fig. 5) , there being a slight shift towards the bottom of the gradient. A second maximum, or occasionally a shoulder, in the Samples (50 pl) of lysate from each fraction of a sucrose gradient similar to that shown in Fig. 3 were analysed by SDS-gel electrophoresis. After staining the gel with Coomassie Brilliant blue, the bands corresponding to components I and I1 of nitrogenase were cut out and the radioactivity in each was determined . The radioactivity in the rest of the gel, including proteins down to mol. wt 15 000, was determined similarly.
(a) activity was consistently present in fraction 13. The meniscus fractions of the gradient contained no nitrogenase activity.
D I S C U S S I O N
Sucrose gradient centrifugation separates bacteroids from plant constituents. The bacteroids from pea root nodules are distributed over the gradient according to their stage of development. The different bacteroid forms -rods, Y shapes and extra ramified formsarise after successive DNA replications together with an increase in cell size not followed by cell division (Bisseling et al., 1977) .
Protein synthesis, measured as incorporation of 35S0,2-into soluble proteins, decreases rapidly with increasing bacteroid size. Sutton et ul. (1977) found that the same was true for bacteroids isolated from Lupinus angustifblius. They reported that the incorporation of [14C]glycine into isolated bacteroids from nodules at different stages of development decreased with the age of the nodule. This decrease was attributed to an increased sensitivity of the older bacteroids to a lower osmolarity. Our results on the difference in protein synthesis between young and old bacteroids were obtained by measuring the protein synthesizing activity of bacteroids under symbiotic conditions. Whether the decrease in protein synthesis with development in our experiments is related to an altered sensitivity to lower osmolarity is unclear.
Surprisingly, component I and component 11 of nitrogenase did not occur in a constant ratio in bacteroids of different sizes. Nitrogenase components were most concentrated in those fractions which contained mostly Y-shaped bacteroids having a DNA content three to four times higher than that of a free-living bacterium. These fractions were also the most active in synthesizing nitrogenase components. Younger bacteroids, which sedimented a short distance into the gradient, contained a smaller amount of component I1 relative to component I and were less active in synthesizing component 11. Older bacteroids, which sedimented furthest into the gradient and had a DNA content per cell of 5.6 times that of free-living bacteria, had a larger amount of component I1 relative to component I and were
